Abstract: Iodine is conventionally used as a contrast agent in hydrological laboratory experiments using polychromatic X-ray computed tomography (CT) to monitor two-phase Darcy flow in porous geological media. Undesirable beam hardening artifacts, however, render the quantitative analysis of the obtained CT images difficult. CT imaging of porous sand/bead packs saturated with iodine and tungsten-bearing aqueous solutions, respectively, was performed using a medical CT scanner. We found that sodium polytungstate (Na 6 H 2 W 12 O 40 ) significantly reduced the beam hardening compared with potassium iodide (KI). This result is attributable to the location of the K absorption edge of tungsten, which is nearer to the peak of the polychromatic X-ray source spectrum than that of iodine. As sodium polytungstate is chemically stable and less toxic than other heavy element bearing compounds, we recommend it as a promising contrast agent for hydrological CT experiments.
INTRODUCTION
Darcy flow experiments using porous geological samples are often performed in laboratory investigation of the hydrology of catchments and vadose zones. X-ray computed tomography (CT) imagery is used to visualize the three-dimensional Darcy flow in complex porous samples (Heindel, 2011; Wildenschild and Sheppard, 2013; Wildenschild et al., 2002; Zhou et al., 2010) . The flowing fluid is doped with an X-ray contrast agent to enhance phase differentiation. Iodine is conventionally used as the contrast agent (Heijs et al., 1995; Hirono et al., 2003; Iglauer et al., 2011; Oh et al., 2013; Shi et al., 2011; Watanabe et al., 2013; Wellington and Vinegar, 1987; Werth et al., 2010) . However, undesirable beam hardening artifacts (e.g., Ketcham and Carlson, 2001 ) occur in the obtained CT images when iodine is used with a medical or micro-focus CT scanner having a polychromatic X-ray source. The beam hardening reduces the accuracy of any post-CT outcomes such as image-based porosity calculations (e.g., Uemura et al., 2012) . Thus, a better contrast agent is needed.
One way to reduce beam hardening is to use as the contrast agent an element whose K absorption edge is near the peak of the polychromatic X-ray source spectrum (Nakashima and Nakano, 2012) . In the present study, a tungsten-bearing electrolyte, namely sodium polytungstate (SPT, Na 6 H 2 W 12 O 40 ) was examined as a candidate contrast agent for hydrological laboratory CT experiments. Tungsten ( 74 W) was chosen because (i) its K absorption edge is located nearer to the peak of the polychromatic X-ray spectrum than that of 53 I (Fig. 1); (ii) because an SPT solution is aqueous, the bulk density and viscosity of a dilute SPT solution are not quite different from those of pure water that is conventionally used in hydrological flow experiments (see Electronic Supplementary Material for detail); (iii) SPT is chemically stable, commercially available (SOMETU, Berlin, Germany), and significantly less toxic than other heavy element-bearing compounds; and (iv) SPT has been recognized as an X-ray contrast agent in animal science (Stock et al., 2003) , although the concentration typically used in that field is too low to determine whether appreciable beam hardening occurs. To demonstrate that beam hardening is significantly reduced by the use of 74 W instead of 53 I, the following laboratory CT experiments were performed. Homogeneous porous sand and bead pack samples saturated with a heavy element (i.e., tungsten or iodine) bearing aqueous solution were imaged with a medical CT scanner, and the cupping effect (e.g., Remeysen and Swennen, 2006) derived from the beam hardening was quantitatively analyzed using the obtained CT images. Photon energy histogram of the primary X-rays emitted from the X-ray tube at an acceleration voltage of 130 kV. The target of the X-ray tube is made of Mo-W alloy. Metal films (Al film of ≈ 1 mm and Cu film of 0.1 mm in thickness) are preinstalled to cut off the undesirable low-energy component (Nakashima, 2003) . The mass attenuation coefficient (MAC) spectra for iodine and tungsten, calculated by using the XCOM database (Berger et al., 1998) , are superimposed. Arrows show the peak of the X-ray spectrum (59.0 keV) and the K absorption edges of iodine (33.2 keV) and tungsten (69.5 keV).
EXPERIMENTAL
Two granular materials were chosen in the present study to construct porous media packs to be imaged: Toyoura sand and synthetic glass bead. Quartz-rich Toyoura sand from Yamaguchi, Japan, is a standard natural sand sample commonly used in geotechnical research (e.g., Jinguuji et al., 2007; Minagawa et al., 2008 (Nakashima, 2000) , and that of the SPT 8.80 wt.% solution was 1.08 g/cm 3 . The samples were imaged by a third-generation medical CT scanner (W2000, Hitachi Medical Co., Tokyo, Japan) at the Geological Survey of Japan (Nakashima, 2000; Nakashima, 2003; Nakashima and Nakano, 2012; Nakashima et al., 2011 ) to obtain two-dimensional (2-D) 16-bit TIFF CT images. The imaging conditions were as follows: acceleration voltage, 130 kV; tube current, 100 to 175 mA; slice thickness, 5 mm; field of view of the reconstructed 2-D image, 160 2 mm 2 = 512 2 voxels (three-dimensional voxel dimension, 0.31×0.31×5 mm 3 ); X-ray exposure time, 4 s; reconstruction filter, Chesler type (standard filter for the human abdomen). No beam hardening correction software was applied to the image reconstruction. The characteristic grain diameter is ≈ 0.3 mm for the Toyoura sand (Minagawa et al., 2008) and ≈ 0. 1 mm for the glass bead used, significantly smaller than the CT slice thickness of 5 mm. Thus, small pore spaces and fine grains were indistinguishable and homogenized in the CT image as a result of the partial-volume effect (Clausnitzer and Hopmans, 1999) , and the voxel value distribution within the porous sand/bead pack image should be homogeneous if the beam hardening and filter-derived Gibbs phenomena are both negligible. The following reference samples were also prepared and imaged by the same CT scanner under the same conditions: Toyoura sand and glass bead packed in the identical cylindrical tube saturated with pure water (i.e., without a contrast agent). The effects of the chemistry of the pore fluids and grains on the degree of beam hardening were evaluated by line profile analysis of the voxel values of the CT images. Image processing programs, ImageJ and revised Itrimming.nb (Nakashima and Kamiya, 2007) , were used in the post-CT image analysis. (Ketcham and Carlson, 2001 ) is seen, the CT images are mostly homogeneous due to the partial-volume effect (Clausnitzer and Hopmans, 1999) except for the concentric pattern of the increased voxel value near the sample rim (i.e., cupping effect; Remeysen and Swennen, 2006) caused by the beam hardening. (Figs. 2 and 4) crossing the CT images was sampled. Undesirable distortion of the voxel value (e.g., the Gibbs phenomenon) caused by the reconstruction filter occurs around the rim of the sample image Tsuchiyama et al., 2000) . Thus, several voxels at each end of the baseline near the rim were discarded, with the result that a 53-mm-long (i.e., 169-voxel-long) baseline was used for a sample with a diameter of 56 mm (i.e., 180 voxels) (Figs. 2 and 4) . Two quantities, P min and Δ, were defined and calculated for each line profile to quantify the degree of beam hardening: P min is the minimum line profile value, and Δ is the difference between the maximum and minimum voxel value along the line profile. If the CT image is completely free of beam hardening, then Δ = 0 HU. As for the Toyoura sand pack samples, the (P min , Δ) values in HU were (1975, 266) for the KI 9.16 wt.% solution, (2108, 104) for the SPT 8.80 wt.% solution, and (1402, 92) for the contrast-agent-free water (Fig. 3) . The (P min , Δ) values in HU for the glass bead pack samples were (1941, 298) for the KI 9.16 wt.% solution, (2107, 113) for the SPT 8.80 wt.% solution, and (1416, 82) for the contrast-agent-free water (Fig. 5) .
RESULTS

Results
DISCUSSION
As noted above, the degree of the beam hardening, Δ, was quite different between iodine and tungsten for both the sand pack and bead pack. With iodine as the contrast agent, the voxel value at both ends of the baseline was almost equal to that for tungsten (Figs. 3 and 5) ; nevertheless, P min was markedly different between them. This difference demonstrates the advantage of tungsten over iodine via the following simple calculation. When the Toyoura sand packs saturated with the KI solution and pure water are used to calculate the porosity (e.g., Uemura et al., 2011) , the difference in P min , 1975-1402 = 573 HU, corresponds to the porosity of 39 vol.%. The porosity estimation error due to the cupping effect (i.e., Δ = 266 HU) is as large as 266×39/573 = 18 vol.%. In contrast, when the sand packs saturated with the SPT solution and pure water are used, the estimation error is reduced to 104 × 39/(2108-1402) = 6 vol.%, demonstrating the advantage of tungsten over iodine. The same calculation could be also applicable to the results for the glass bead (Fig. 5 ) to obtain the porosity estimation errors of 298 × 36/(1941-1416) = 20 vol.% for KI and 113 × 36/(2107-1416) = 6 vol.% for SPT, which again demonstrates the advantage of tungsten. As shown in the above calculation, the (P min , Δ) values of the SiO 2 -rich Toyoura sand pack are almost equal to those of the SiO 2 -rich bead pack for each pore fluid chemistry (Figs. 3  and 5) . Thus, as for the two granular materials examined in the present study, the difference in the grain chemistry yields no marked difference in the beam hardening. This suggests that the advantage of tungsten over iodine also holds for other SiO 2 -rich porous geological samples such as sandstones and felsic lavas. This advantage of tungsten over iodine with respect to the reduction of the cupping effect is a consequence of the physics of beam hardening ( Fig. 1) : (i) beyond the K absorption edge, X-ray absorption of the heavy element abruptly increases, thus suppressing beam hardening (Cardinal et al., 1993) , and (ii) if the K absorption edge of the element used as the contrast agent is located nearer to the peak of the X-ray source spectrum, then the beam hardening is reduced more effectively (Nakashima and Nakano, 2012) .
The following example calculation of the degree of fluid replacement in two-phase Darcy flow experiments demonstrates the advantage of using SPT as the contrast agent. The degree of fluid replacement is a critical quantity because it affects the relative permeability of porous media; thus, its accurate measurement by X-ray CT is needed (Shi et al., 2011) . Suppose that a homogeneous Toyoura sand pack (diameter, 56 mm; porosity, 39 vol.%) is saturated with contrast-agent-free pure water. Then, a different fluid with a contrast agent is injected into the sand pack, and the replacement of the first fluid with the second in the pore space is monitored over time by X-ray CT. The voxel values of the obtained sand pack images are used to calculate the local degree of fluid replacement, x:
where V t is the time-dependent local voxel value, V free is the local voxel value before the injection of the contrast agentbearing fluid, and V comp is that after the fluid replacement of all pores has been completed (Uemura et al., 2011 ). For the two tested contrast agents, KI 9.16 wt.% (Fig. 2a) and SPT 8.80 wt.% (Fig. 2b) , the denominator on the right-hand side of Eq.
(1) at both ends of the baseline is about 700 HU for both contrast agent solutions (Fig. 3) . Beam hardening causes the voxel value in the numerator of the right-hand side of Eq. (1), to fluctuate, producing undesirable systematic noise and resulting in an estimation error of x. The use of KI 9.16 wt.% solution could increase an estimation error of x by (266-104)/700 ≈ 23 % compared with the use of the SPT 8.80 wt.% solution (the numbers, 266 and 104, are the Δ values for KI and SPT, respectively in Fig. 3 ). An increase in the error as large as 23 % can critically affect the calculation of the relative permeability diagram (Shi et al., 2011) . In contrast, if the line profile for the sand pack saturated with pure water is shifted upward by 703 HU, it almost overlaps the line profile for the SPT 8.80 wt.% solution (Fig. 3) . This result suggests that the value of Δ is constant at ≈100 HU and independent of the concentration of the SPT solution for any SPT concentration between 0 and 8.80 wt.%. Thus, the estimation error due to the additional beam hardening by the use of SPT is almost negligible during the fluid replacement in the Toyoura sand pack. The same discussion using Eq. (1) was also applied to the results for the glass bead pack (Fig. 5) . It showed that the use of KI 9.16 wt.% solution could increase an estimation error of x by (298-113)/700 ≈ 26 % compared with the use of the SPT 8.80 wt.% solution. The agreement of the line profile for pure water shifted upward by 697 HU and that for the SPT 8.80 wt.% solution was also observed. These examples demonstrate the advantage of SPT over KI. The advantage of tungsten over iodine is a consequence of the physics of beam hardening, and should be independent of the detail of the medical CT scanner. To confirm the independence, the same Toyoura sand pack samples were imaged using a different third-generation medical CT scanner (PRATICO-FR, Hitachi Medical Co., Tokyo, Japan) at the same acceralation voltage, reconstruction filter, voxel dimensions, exposure time, and field of view (Nakashima, unpublished data) . The obtained (P min , Δ) values in HU were (1785, 209) for the KI-bearing sample of Fig. 2a, and (1889, 54) for the SPTbearing sample of Fig. 2b . These values are slightly different from those in Fig. 3 probably due to the slight difference in the X-ray source spectrum and/or calibration detail of the CT apparatus. However, because the Δ value for the SPT-bearing sample (54 HU) is significantly smaller than that for the KI-bearing sample (209 HU), the results by the PRATICO-FR scanner confirm the advantage of tungsten over iodine with respect to beam hardening reduction.
The present study reports the successful reduction of the cupping effect (non-uniform voxel value distribution inside homogeneous porous media) by the use of SPT. Another beamhardening-derived artifact different from the cupping artifact can occur for the hydrological CT of the preferential flow in macroscopic pipes/fractures inside heterogeneous porous media; it is a dark streak which arises between two pipes/fractures having bright voxel values (Remeysen and Swennen, 2006) . The dark streak artifact reduces the accuracy of post-CT outcomes such as image-based porosity calculations. Remeysen and Swennen (2006) reported that the reduction of the cupping artifact also yields the reduction of the dark streaks. Thus, the use of SPT probably contributes to the reduction of the dark streak artifact critical for the hydrological CT experiments of the preferential flow in macroscopic pipes/fractures.
CONCLUSIONS
Laboratory X-ray CT experiments were performed to compare the performance of KI and Na 6 H 2 W 12 O 40 as the contrast agent in a porous sand/bead pack with respect to beam hardening reduction. KI, the most commonly used contrast agent in hydrology, is not recommended because its use resulted in a marked beam hardening artifact. In contrast, the use of a tungsten compound, Na 6 H 2 W 12 O 40 , significantly reduced the beam hardening compared with the KI result. Therefore, Na 6 H 2 W 12 O 40 is recommended as a better contrast agent in hydrological laboratory experiments.
SUPPLEMENTARY MATERIAL Additional information about the properties of the SPT solution
SPT has been used in geosciences as a heavy liquid for the separation of minerals (e.g., Gregory and Johnston, 1987; Munsterman and Kerstholt, 1996; Conceição et al., 2008) . Thus, some data on the properties of the aqueous solutions of SPT are available. For example, the bulk density, viscosity, and electric conductivity are reported by Torresan (1987) . The bulk density, viscosity, and pH are noted in Skipp and Brownfield (1993) . According to the literature, as for the low-concentration SPT solution used in the present study (i.e., 8.80 wt.%), the bulk density and viscosity are about 1.1 g/cm 3 and 1 mPa·s, respectively. Because these values are almost equal to those for pure water (i.e., 1.0 g/cm 3 and 1 mPa·s, respectively), the dilute SPT solution can be a reasonable substitute for pure water that is conventionally used in hydrological flow experiments.
